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FOREWORD 


This  is  the  final  report  on  a program  conducted  by  AiResearch 
Manufacturing  Company  of  Arizona,  a Division  of  The  Garrett  Corpora- 
tion, for  the  Department  of  the  Army,  Harry  Diamond  Laboratories  to 
compile  data  on  specific  fluidic  elements  operating  with  both  air 
and  hydraulic  oil  under  various  environmental  conditions. 

This  research  program  was  authorized  by  Harry  Diamond  Labora- 
tories Contract  DAAG39-74-C-0187  and  was  conducted  during  the  period 
from  August  1,  1974,  to  August  22,  1975,  under  AiResearch  Master 
Work  Order  3209-214361-01-0100.  F.  Manion  and  T.  Drzewiecki,  310, 
provided  technical  direction  and  administered  the  program  for  Harry 
Diamond  Laboratories. 

Publication  of  this  report  does  not  constitute  U.S.  Army  or 
Harry  Diamond  Laboratories  approval  of  the  findings  presented  herein. 
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SECTION  1 


INTRODUCTION  AND  OBJECTIVES 


1.1  INTRODUCTION 

This  is  the  final  report  on  the  program  conducted  by  AiResearch 
Manufacturing  Company  of  Arizona,  a Division  of  The  Garrett  Corpora- 
tion, for  the  Harry  Diamond  Laboratories,  Department  of  the  Army, 
to  compile  data  on  the  performance  characteristics  and  the  sensi- 
tivity of  two  specific  fluidic  element  designs  while  operating  with 
both  air  and  hydraulic  oil  under  various  environmental  conditions. 

The  research  program  was  authorized  by  Harry  Diamond  Labora- 
tories Contract  DAAG39-74-C-0187  and  was  conducted  under  the 
technical  direction  of  F.  Manion  and  T.  Drzewiecki  of  HDL  during  the 
period  from  August  1,  1974,  to  August  22,  1975.  This  report  is  in 
partial  fulfillment  of  Item  0001AA  (Data  Requirements)  of  the 
contract;  the  CDRL  item  covered  herein  is  identified  as  Sequence  002 
(Final  Report) . 

1.2  TECHNICAL  OBJECTIVES 

This  research  program  was  directed  at  compiling  a comprehensive 
set  of  data  so  that  the  contracting  agency  may  use  it  in  a program 
that  will  ultimately  evaluate  the  sensitivity  of  proportional  laminar 
fluidic  amplifiers  and  circuits  to  adverse  temperature  and  vibration 
environments.  Two  early  research  components  and  three  circuits,  made 
up  of  these  components,  were  operated  with  both  air  and  hydraulic  oil 
(MIL-H-5606B)  at  various  test  conditions.  Performance  and  character- 
istic parameters  measured  were  pressure  gain,  input  impedance,  output 
impedance,  power  jet  impedance,  and  common  mode  rejection  ratio. 

1.3  TEST  COMPONENTS 

Five  fluidic  components,  two  basic  single-stage  amplifiers  and 
three  multistage  amplifier  configurations,  were  manufactured  for 
the  test  program.  The  amplifier  configurations  were  based  on  two 
designs  provided  by  HDL,  identified  as  HDL  designs  2.3.1.004A  and 
2.3.4.004.  These  two  amplifiers  and  their  associated  AiResearch 
part  numbers  are  shown  in  Figure  1. 

The  individual  laminations  were  made  by  photochemical  milling 
of  stainless  steel  sheets.  The  parts  were  inspected  for  dimensional 
accuracy  using  an  optical  comparator  at  magnifications  of  ten  and 
one  hundred.  Critical  dimensions,  as  specified  on  Drawings  PA3152154 
and  PA3152156  (Figures  2 and  3,  respectively),  were  measured  on  the 
comparator  which  has  an  accuracy  of  ±0.025  mm  (±0.0001  inch).  The 
results  of  this  inspection  are  summarized  in  Table  I. 
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DIMENSIONAL  INSPECTION  OF  SECOND  SET  OF  PARTS 


**  Refer  to  Figure 


The  single-stage  amplifier  configuration  was  a bonded  assembly 
consisting  of  two  amplifier  laminations.  Bonding  was  accomplished  in 
a quartz  lamp  furnace  in  an  inert  atmosphere. 1 The  exception  to 
this  was  for  measurement  of  amplifier  impedances  with  hydraulic  oil 
where  it  was  necessary  to  stack  several  stages  in  parallel  to  boost 
the  flow  rates  because  of  limitations  of  the  flowmeter's  low-range 
capability.  Bonded  assemblies  were  not  used  for  these  tests. 

The  multistage  amplifier  assembly  consisted  of  a bonded,  three- 
stage  amplifier.  Three  configurations,  with  different  amplifier 
designs  and  load  conditions,  were  assembled.  The  stacking  arrange- 
ments of  these  three  assemblies  are  listed  in  Table  II  and  are 
illustrated  in  Figures  4,  5,  and  6. 

1.4  TEST  CONDITIONS  AND  INSTRUMENTATION 

The  performance  of  laminar  fluidic  amplifiers  is  directly 
related  to  the  power  jet  Reynolds  number  which  varies  with  the 
supply  pressure,  viscosity,  and  density  of  the  operating  fluid  for 
a given  amplifier  geometry.  Both  viscosity  and  density  are  tempera- 
ture dependent  parameters;  therefore,  it  was  necessary  to  adjust 
the  supply  pressure  with  operating  temperature  to  maintain  constant 
Reynolds  number.  Two  values  of  Reynolds  number,  85  and  42.5,  were 
chosen  as  a test  condition.2  This  Reynolds  number  is  a modified  or 
stretched  Reynolds  number  using  a characteristic  dimension  which  is 
a complex  function  of  the  amplifier  power  jet  geometry.  Table  III 
lists  the  supply  pressure  required  for  each  test  temperature  to 
maintain  the  Reynolds  number  constant,  due  to  the  different  fluid 
viscosity  and  density. 

In  order  to  obtain  some  data  at  Reynolds  numbers  other  than 
those  specified  above,  tests  were  also  made  for  air  operation  at  dif- 
ferent temperatures  for  the  condition  of  constant  supply  pressure. 

The  supply  pressures  chosen  corresponded  to  Reynolds  numbers  of  85 
and  42.5  at  a temperature  of  353K.  Amplifier  characteristics 
measured  for  these  test  conditions  were  pressure  gain,  input 
impedance,  and  output  impedance. 


1 Sutton,  T.  G. , Anderson,  W.  J. , "Aero*pace  Fluidic*  Application* 
and  Circuit  Manufacture" , Proceedings  HDL  Fluidic  State-of-the-Art 
Symposium,  V.5,  Adelphi,  Md.,  Oct.  1974 

2 Drzewiecki,  T.  M. , "A  Fluid  Amplifier  Reynold*  Number",  Proc.  HDL 
Fluidic  State-of-the-Art  Symposium,  V.2,  Adelphi,  Md.,  Oct.  1974 
(AD  787547) 
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Table  IV  lists  the  instrumentation  used  to  record  pressure, 
temperature,  and  flow  rate  during  testing.  Pressure  transducers  were 
calibrated  for  each  test  using  either  a water  manometer  or  a Bourdon 
tube  test  gauge,  depending  on  the  range  of  pressures  to  be  sensed. 

The  range  and  accuracy  of  these  instruments  were  as  follows: 


Type 

Range 

Accuracy 

Manometer 

0 

to 

1 in.  H20 

±0.01  in.  H20 

Manometer 

0 

to 

6 0 in . H 2 0 

±0.05  in.  H20 

Gauge 

0 

to 

100  psig 

±0.5  psig 

Gauge 

0 

to 

160  psig 

±1.0  psig 

Gauge 

0 

to 

600  psig 

±1.0  psig 

Gauge 

0 

to 

1000  psig 

±1.0  percent 

Gauge 

0 

to 

3000  psig 

±1.0  percent 

For  airflow  tests,  a pressure  drop  of  1.0  in.  H20  across 
the  flowmeter  corresponds  to  a flow  rate  of  6.23  x 10“6  m3/sec 
(0.0132  scfm) . Using  the  low  range  water  manometer  to  calibrate  the 
flow  section  pressure  transducer  yields  a flow  measurement  accuracy 
of  ±6.23  x 10“®  m3/sec  (±0.000132  scfm).  Measured  flow  rates  were 
corrected  for  ambient  temperature  as  follows: 


^actual 

^actual 

^actual 


0.90 

0.88 

0.79 


^measured 

^measured 

^measured 


at  298K 
at  353K 
at  408K 


Since  the  turbine  flowmeter  used  for  the  hydraulic  flow  measure- 
ments was  sensitive  to  kinematic  viscosity,  the  test  data  had  to  be 
corrected  in  accordance  with  the  calibration  curve  on  Figure  7.  The 
accuracy  of  hydraulic  flow  measurements  therefore  depends  on  the 
errors  in  measurement  of  viscosity,  temperature,  and  frequency.  It 
is  estimated  that  these  combined  errors  result  in  a tolerance  of  ±3 
percent  of  the  measured  values  of  hydraulic  flow  rate. 


Test  results  presented  in  this  report  require  calculation  of 
gain  and  impedance  based  on  the  slope  of  specific  X-Y  plots.  These 
calculations  involve  individual  interpretation  and  therefore  are 
subject  to  additional  error.  For  example,  gain  measurements  made  by 
several  persons  were  found  to  vary  by  ±5  percent  for  the  same  test 
data. 
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TEST  INSTRUMENTATION 


Remarks 

Diaphragm  replaced  for  low 

pressure  measurements. 

Used  to  measure  AP  on 
Meriam  Laminar  Flow  Meter. 

Test  data  corrected  for 
temperature  after  tests 
completed. 

Pulse  type  output  converted 
to  analog  with  Hewlett 
Packard  Model  500BR  fre- 

quency  meter. 

Uses  Iron-Constantin  thermo- 
couple for  measuring  supply 
temperature . 
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TURBINE  METER  CALIBRATION  FM275  MIL-H-5606B 


SECTION  2 


TEST  PLAN  AND  PROCEDURES 


2 . 1 TEST  PLAN 

The  single-stage  laminar  amplifiers  and  three-stage  laminar 
amplifier  circuits,  fabricated  for  this  program,  were  subjected  to 
tests  to  determine  the  following  parameters: 

1.  Pressure  gain,  Nn  = constant 

2.  Pressure  gain,  Pg  =*  constant  (air  only) 

3.  Pressure  gain  under  vibration  conditions  (air  only) 

4.  Common  mode  rejection  ratio 

5.  Input  impedance,  centered  jet,  NR  = constant 

6.  Input  impedance,  centered  jet,  Pg  ■ constant  (air  only) 

7.  Input  impedance,  deflected  jet,  NR  = constant 

8.  Input  impedance,  deflected  jet,  Pg  * constant  (air  only) 

9.  Output  impedance,  NR  = constant 

10.  Output  impedance,  P = constant  (air  only) 

s 

11.  Power  jet  impedance 

The  amplifiers  and  circuits  were  tested  with  both  air  and 
hydraulic  oil  according  to  the  test  schedules  presented  in  Tables  V 
and  VI,  respectively.  Figures  8 and  9 show  typical  test  setups  for 
air  and  hydraulic  tests.  When  full  open,  valves  VI  and  V2  were 
equivalent  to  a 3/32-inch  diameter  orifice  for  air  tests  and  a 3/16- 
inch  diameter  orifice  for  hydraulic  tests. 
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Air  Tests 

(1)  Gain,  NR  - 85  and  42.5 

P-  * 0 •/amp 
c 

P-  - 0.05  PB  -/amp 
c s 

P-  * 0.10  Pg  -/amp 

(2)  Gain,  Pg  * constant 
P-  » 0 -/amp 


0.05  P -/amp 


p-  * 

c 

0 

.10  Pg  -/amp 

Ga  in , 

, Vibration 

nr 

■ 

85  and  42 

.5 

*0 

Ol 

• 

0 

, Loaded, 

X-Axis 

p-  * 

c 

0 

, Loaded, 

Y-Axis 

p-  - 

0 

, Loaded, 

Z-Axis 

(4>  Common  Mode  Rejection 
NR  * 85  and  42.5 

Pj  - Various,  -/amp 

(5)  Input  Impedance,  C.J. 

Nr  - 85  and  42.5 

P-  - Various,  -/amp 

(6)  Input  impedance,  C.  J. 
Pg  « Constant 

P-  * Various,  -/amp 

(7)  Input  Impedance,  D.J. 
IIR  - 85  and  42.5 

P-  - Various,  -/Amp 

(8)  Input  Impedance,  D.J. 
Pg  - Constant 

P-  - Various,  -/Amp 

(9)  Output  Impedance 
Nd  - 85  and  42.5 


p-  - .05  Pg 


P-  - .10  P 
c s 


(10)  Output  Impedance 
p_  - Constant 


P-  • .05  P 

c a 

P-  - .10  P 

c s 


Pg  - Variable 

P-  - 0 
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TABLE  V 
TEST  SCHEDULE,  AIR  TESTS 

Single-Stage  Amplifier 
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TEST  SCHEDULE,  HYDRAULIC  TESTS 


FLOW  TRANSDUCER 


FIGURE  8 


AIR  TEST  SETUP 
IN  AMBIENT  BOX 
(SEE  FIGURE  19) 
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HYDRAULIC  TEST  SETUP 
(SEE  FIGURE  10) 
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2.2  TEST  PROCEDURES 

2.2.1  Air  Tests 

2. 2. 1.1  Pressure  Gain,  NR  = Constant  - The  single-stage  and  three- 

stage  amplifiers  were  installed  in  test  fixtures  and  connected  as 
shown  in  Figures  10  and  11,  respectively.  Each  test  fixture  was 
located  in  an  insulated  container  so  that  the  ambient  temperature 
could  be  stabilized  at  298K,  353K,  and  408K.  The  following  procedure 
was  used  to  record  differential  output  pressure  vs  differential 
control  pressure  for  constant  power  jet  Reynolds  numbers.  The 
pressure  gain  is  the  slope  of  this  curve. 

1.  Valves  VI  and  V2  were  closed. 

2.  Rl  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2 , R5 , and  R6  were  adjusted,  as  applicable,  to  the  pres- 
sures shown  in  Table  III  for  an  ambient  temperature  of 
298K  and  a power  jet  Reynolds  number  of  85. 

4.  With  R3  and  R4  initially  adjusted  to  zero  gauge  pressure, 
a plot  of  pressure  gain  (APQut  vs  APcontrol^  was  ma<^e 

by  increasing  the  control  pressure  on  one  side  and 
returning  to  the  initial  value,  and  then  repeating  this 
for  the  other  control  pressure. t 

5.  Step  4 was  repeated  with  initial  control  pressure  levels 
of  5 percent  and  10  percent  of  the  supply  pressure. 

6.  Steps  3 through  5 were  repeated  for  ambient  temperatures 
of  353K  and  408K. 

7.  Steps  3 through  6 were  repeated  for  NR  =*  42.5. 

8.  Steps  3 through  7 were  repeated  with  valves  VI  and  V2 
open,  with  the  amplifier  then  loaded  by  a self-similar 
device. 


I 

I 

I 

I 

I 

I 

I 
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t This  procedure  does  not  result  in  a transfer  characteristic  at 
constant  bias.  Under  ideal  conditions  of  ® CMRR,  the  slope  at 
zero  differential  pressure  would  be  the  gain  at  that  bias;  how- 
ever, since  there  are  asymmetries  and  since  the  bias  is  increasing 
during  a scan,  the  resulting  measured  gain  must  of  necessity  be 
lower  than  that  of  the  ideal  case. 
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2. 2. 1.2  Pressure  Gain,  P = Constant  - The  single-stage  and  three- 

stage  amplifiers  were  installed  in  test  fixtures  and  connected  as 
shown  in  Figures  10  and  11,  respectively.  Each  test  fixture  was 
located  in  an  insulated  container  so  that  the  ambient  temperature 
could  be  stabilized  at  298K,  353K,  and  408K.  The  following  procedure 
was  used  to  record  differential  output  pressure  vs  differential 
control  pressure  at  constant  supply  pressure. 

1.  Valves  VI  and  V2  were  closed. 

2.  Rl  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2,  R5,  and  R6  were  adjusted,  as  applicable,  to  the  pres- 
sure shown  in  Table  III  corresponding  to  NR  = 85  at  a 
temperature  of  353K. 

4.  The  ambient  temperature  was  stabilized  at  298K. 

5.  R3  and  R4  were  adjusted  to  5 percent  of  the  supply  pressure 
and  a plot  of  pressure  transfer  characteristic  (APQut  vs 

^control^  was  mac*e  ky  increasing  the  control  pressure  on 

one  side  and  returning  to  the  initial  value,  and  then 
repeating  this  for  the  other  side  control  pressure. 

6.  Steps  3 and  5 were  repeated  with  the  ambient  temperature 
stabilized  at  353K  and  408K. 

7.  Steps  2 through  6 were  repeated  with  valves  VI  and  V2 
open,  thus  loading  the  amplifier  with  a self-similar 
device. 

8.  Steps  1 through  7 were  repeated  with  R2,  R5,  and  R6 
adjusted  in  step  3 to  the  pressures  shown  in  Table  III 
corresponding  to  NR  * 42.5  and  a temperature  of  353K. 


31 


2. 2. 1.3  Pressure  Gain,  Vibration  - The  single-stage  and  three-stage 
amplifiers  were  installed  in  separate  test  fixtures  and  connected  as 
shown  in  Figures  10  and  11,  respectively.  Each  test  fixture  in 
turn  was  mounted  on  a vibration  test  stand;  the  load  amplifier  and 
pressure  transducers  were  mounted  off  the  stand.  Figures  12,  13, 
and  14  show  the  three-stage  amplifier  mounted  on  the  vibration  test 
stand.  The  vibration  gain  test  was  performed  at  room  temperature 
using  the  following  procedure  (refer  to  Figures  10  and  11)  . 

1.  The  test  fixture  was  mounted  on  the  vibration  table  and 
oriented  to  test  X-axis  sensitivity. 

2.  Valves  VI  and  V2  were  open  to  load  the  amplifiers. 

3.  R1  was  adjusted  to  69  kilopascals  (10  psig) . 

4.  R2,  R5,  and  R6  were  adjusted,  as  applicable,  to  the 

pressures  shown  in  Table  II  for  NR  = 85  and  a temperature 
of  298K.  1 

5.  With  R3  and  R4  initially  adjusted  to  zero  gauge  pressure, 
a plot  of  pressure  gain  (APout  vs  APcontroi)  was  made  by 

increasing  the  control  pressure  on  one  side,  returning  to 
the  initial  value,  then  repeating  this  procedure  for  the 
other  control  pressure.  The  local  ambient  temperature  was 
recorded. 

6.  With  the  gain  curve  still  on  the  plotter  and  a control 
pressure  producing  a differential  output  pressure  of 
approximately  50  percent  of  saturation,  a vibration  scan 
was  made  in  the  range  5 to  1000  Hz  at  an  amplitude  of 
lOg.  The  plotter  was  monitored  for  any  evidence  of 

gain  change  or  shift  while  the  output  pressure  was  simul- 
taneously monitored  on  an  oscilloscope.  A gain  curve 
was  retraced  if  there  was  any  deviation,  and  the  frequency 
was  noted. 

7.  Steps  5 and  6 were  repeated  with  the  supply  pressure  cor- 
responding to  Nr  * 42.5  and  a temperature  of  298K. 

0.  Steps  2 through  7 were  repeated  with  the  test  fixture 

oriented  in  turn  to  apply  vibration  in  the  Y-  and  Z-axes. 
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BRAT I ON  AXIS 


VIBRATION  TEST,  Y-AXIS 
THREE-STAGE  FLUIDIC  AMPLIFIER 


KP- 52314 
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VIBRATION  TEST,  X-AXIS 
THREE-STAGE  FLUIDIC  AMPLIFIER 


VIBRATION  TEST,  Z-AXIS 
THREE-STAGE  FLUIDIC  AMPLIFIER 


2. 2. 1.4  Common  Mode  Rejection  - The  single-stage  and  three-stage 
amplifiers  were  installed  in  separate  test  fixtures  and  connected  as 
shown  in  Figures  15  and  16,  respectively.  Each  test  fixture  was 
located  in  an  insulated  container  so  that  the  ambient  temperature 
could  be  stabilized  at  298K,  353K,  and  408K.  The  following  procedure 
was  used  to  record  differential  output  pressure  vs  control  pressure 
bias  level  for  determination  of  the  common  mode  rejection  ratio. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2 , R5,  and  R6  were  adjusted,  as  applicable,  to  the 
pressures  shown  in  Table  III  for  an  ambient  temperature 
of  298K  and  NR  = 85. 

4.  The  control  pressure  level  was  increased  from  zero 
gauge  pressure  to  10  percent  of  the  supply  pressure 
and  the  differential  output  vs  control  bias  pressure 
level  was  plotted. 

5.  Steps  3 and  4 were  repeated  for  ambient  temperatures 
of  353K  and  408K. 

6.  Steps  3 through  5 were  r°Deated  for  NR  = 42.5. 
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2. 2. 1.5  Input  Impedance,  Centered  Jet,  Np  = Constanttt  - The  single- 

stage  amplifier  was  installed  in  a test  fixture  and  connected  as 
shown  in  Figure  17.  The  test  fixture  was  located  in  an  insulated 
container  so  that  the  ambient  temperature  could  be  stabilized  at 
298K,  353K,  and  408K.  The  following  procedure  was  used  to  record 
control  flow  vs  control  pressure  level  at  constant  power  jet  Reynolds 
numbers . 

1.  Valves  VI  and  V2  were  closed. 

2.  Rl  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2  was  adjusted  to  the  pressure  shown  in  Table  m for  an 

ambient  temperature  of  298K  and  HR  = 85. 

4.  Control  pressure  was  varied  from  0 to  30  percent  of  supply 
pressure  and  a plot  of  control  flow  vs  control  pressure 
was  made. 

5.  Steps  3 and  4 were  repeated  for  ambient  temperatures  of 
353K  and  408K. 

6.  Steps  3 through  5 were  repeated  for  NR  = 42.5. 

7.  Steps  3 through  6 were  repeated  with  Valves  VI  and  V2  open. 

8.  The  instrumentation  was  reversed  to  measure  opposite 
control  port  characteristics,  after  which  Steps  1 through 
7 were  repeated. 


ft  Due  to  problems  in  setting  the  experimental  program  up,  the 
flowmeter  was  inadvertently  put  into  one  control  channel  only 
resulting  in  slightly  different  flows  on  each  side  of  the 
amplifier.  This  then  in  reality  deflects  the  jet  a bit  so  that 
the  measured  values  of  impedance  will  be  high  because  the  jet  is 
deflected  to  the  flowmeter  side. 
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2. 2. 1.6  Input  Impedance,  Centered  Jet,  P=  = Constant**  - The  single 

stage  amplifier  was  installed  in  a test  fixture  and  connected  as 
shown  in  Figure  17.  The  test  fixture  was  located  in  an  insulated 
container  so  that  the  ambient  temperature  could  be  stabilized  at 
298K,  353K,  and  408K.  The  following  procedure  was  used  to  record 
control  flow  vs  control  pressure  level  at  constant  supply  pressure. 

1.  Valves  VI  and  V2  were  closed. 

2.  R2  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2  was  adjusted  to  the  pressure  shown  in  Table  III 
corresponding  to  NR  = 85  at  a temperature  of  353K. 

4.  The  ambient  temperature  was  stabilized  at  298K. 

5.  Control  pressure  was  varied  from  0 to  30  percent  of 
supply  pressure  and  a plot  of  control  flow  vs  control 
pressure  was  made. 

6.  Steps  3 and  5 were  repeated  at  ambient  temperatures  of 
353K  and  408K. 

7.  Steps  3 through  6 were  repeated  with  the  supply  pressure 
corresponding  to  ND  = 42.5  at  353K. 

Xv 

8.  Steps  3 through  7 were  repeated  with  valves  VI  and  V2  open 

9.  The  instrumentation  was  reversed  to  measure  opposite  con- 
trol port  characteristics,  after  which  steps  1 through  8 
were  repeated. 


**  Due  to  problems  in  setting  the  experimental  program  up,  the 
flowmeter  was  inadvertently  put  into  one  control  channel  only 
resulting  in  slightly  different  flows  on  each  side  of  the 
amplifier.  This  then  in  reality  deflects  the  jet  a bit  so 
that  the  measured  values  of  impedance  will  be  high  because  of 
the  jet  is  deflected  to  the  flowmeter  side. 
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2. 2. 1.7  Input  Impedance,  Deflected  Jet,  Up  = Constant  - The  single- 

stage  amplifier  was  installed  in  a test  fixture  and  connected  as 
shown  in  Figure  18.  The  test  fixture  was  located  in  an  insulated 
container  so  that  the  ambient  temperature  could  be  stabilized  at 
298K,  353K  and  408K.  The  following  procedure  was  used  to  record 
control  flow  vs  differential  control  pressure  for  constant  power 
jet  Reynolds  numbers. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2  was  adjusted  to  the  pressure  shown  in  Table  III  for  an 
ambient  temperature  of  298K  and  NR  = 85.  Ambient  temper- 
ature was  stabilized  at  298K. 

4.  R4  was  adjusted  to  207  to  241  kilopascals  (30-35  psig) 
in  order  to  choke  the  fixed  restrictor  R5.  Restrictor 
R6  and  regulator  R3  were  adjusted  until  the  control 
pressure  level  was  5 percent  of  the  supply  pressure. 

This  resulted  in  a constant  control  flow  on  one  control 
port. 

5.  R3  was  adjusted  to  vary  the  differential  control 
pressure  between  0 and  30  percent  of  the  supply 
pressure  and  a plot  of  control  flow  vs  control  differ- 
ential pressure  was  made. 

6.  Steps  3 through  5 were  repeated  for  ambient  temperatures 
of  353K  and  408K. 

7.  Steps  3 through  6 were  repeated  for  NR  = 42.5. 

8.  Steps  3 through  7 were  repeated  with  valves  VI  and  V2  open. 

2. 2. 1.8  Input  Impedance,  Deflected  Jet,  P„  = Constant  - The  single- 

stage  amplifier  was  installed  in  a test  fixture  and  connected  as 
shown  in  Figure  18.  The  fixture  was  located  in  an  insulated  container 
so  that  the  ambient  temperature  could  be  stabilized  at  298K,  353K, 
and  408K.  The  following  procedure  was  used  to  record  control  flow 
vs  differential  control  pressure  for  constant  supply  pressure. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  69  kilopascals  (10  psig) . 

3.  R2  was  adjusted  to  the  pressure  shown  in  Table  III 

sponding  to  NR  ■ 85  at  a temperature  of  353K. 

4.  The  ambient  temperature  was  stabilized  at  298K. 
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FIGURE  18 


TEST  SETUP , INPUT  IMPEDANCE 
DEFLECTED  JET 


5.  R4  was  adjusted  to  207  to  241  kilopascals  (30-35  psig) 

in  order  to  choke  the  fixed  restrictor  R5.  Restrictor  R6 
and  regulator  R3  were  adjusted  until  the  control  pressure 
level  was  5 percent  of  the  supply  pressure.  This  resulted 
in  a constant  control  flow  on  one  control  port. 

6.  R3  was  adjusted  to  vary  the  differential  control  pressure 
between  0 and  30  percent  of  the  supply  pressure  and  a plot 
of  control  flow  vs  differential  control  pressure  was  made. 

7.  Steps  3 and  6 were  repeated  for  ambient  temperatures  of 
353K  and  408K. 

8.  Steps  3 through  7 were  repeated  with  the  supply  pressure 
corresponding  to  NR  = 42.5  at  353K. 

9.  Steps  3 through  8 were  repeated  with  valves  VI  and  V2  open. 

2. 2. 1.9  Output  Impedance,  NR  = Constant  - The  single-stage  amplifier 

was  installed  in  a test  fixture  and  connected  as  shown  in  Figure  19. 
The  three-stage  amplifier  was  installed  in  a test  fixture  and  con- 
nected as  shown  in  Figure  20.  The  test  fixtures  were  located  in  an 
insulated  container  so  that  the  ambient  temperature  could  be  stabi- 
lized at  298K,  353K  and  408K.  The  following  procedure  was  used  to 
record  output  flow  vs  output  pressure  for  constant  power  jet  Reynolds 
numbers. 

1.  Rl  was  adjusted  to  69  kilopascals  (10  psig). 

2.  R2 , R5 , and  R6  were  adjusted,  as  applicable,  to  the 
pressure  shown  in  Table  III  for  an  ambient  temperature 
of  298K  and  NR  = 85. 

3.  R3  and  R4  were  adjusted  for  zero  control  pressure  level. 

4.  A plot  of  output  flow  vs  output  pressure  was  made  by 
varying  valve  VI  from  full  closed  to  full  open. 

5.  Step  4 was  repeated  for  control  pressure  levels  of 
5 percent  and  10  percent  of  the  supply  pressure. 

6.  Steps  2 through  5 were  repeated  for  ambient  tempera- 
tures of  353K  and  408K. 

7.  Steps  2 through  6 were  repeated  for  NR  = 42.5. 
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FIGURE  20 

TEST  SETUP,  THREE-STAGE 
OUTPUT  IMPEDANCE 


2.2.1.10  Output  Impedance,  P,,  3 Constant  - The  single-stage  and 

three-stage  amplifiers  were  installed  in  separate  test  fixtures  and 
connected  as  shown  in  Figures  19  and  20/  respectively.  Each  test 
fixture  was  located  in  an  insulated  container  so  that  the  ambient 
temperature  could  be  stabilized  at  298K,  353K  and  408K.  The  follow' 
ing  procedure  was  used  to  record  output  flow  vs  output  pressure  for 
constant  supply  pressure. 

].  R1  was  adjusted  to  69  kilopascals  (10  psig) . 

2.  R2 , R5,  and  R6  were  adjusted,  as  applicable,  to  the 
pressure  shown  in  Table  III  for  N = 85  at  353K. 

K 

3.  The  ambient  temperature  was  stabilized  at  298K. 

4.  R3  and  R4  were  adjusted  for  zero  control  pressure  level. 

5.  A plot  of  output  flow  vs  output  pressure  was  made  by 
varying  valve  VI  from  full  closed  to  full  open. 

6.  Step  5 was  repeated  for  control  pressure  levels  of 
5 percent  and  10  percent  of  the  supply  pressure. 

7.  Steps  2,  4,  5,  and  6 were  repeated  for  ambient  tempera- 
tures of  353K  and  408K. 

8.  Steps  2 through  7 were  repeated  with  the  supply  pressure 
initially  adjusted  to  correspond  to  NR  = 42.5  at  353K. 

2.2.1.11  Power  Jet  Impedance  - The  single-stage  amplifier  was 
installed  in  a test  fixture  arid  connected  as  shown  in  Figure  21. 

The  test  fixture  was  located  in  an  insulated  container  so  that  the 
ambient  temperature  could  be  stabilized  at  298K,  353K,  and  408K. 

The  following  procedure  was  used  to  record  supply  flow  vs  supply 
pressure. 


1.  R1  was  adjusted  to  69  kilopascals  (10  psig). 

2.  The  ambient  temperature  was  stabilized  at  298K. 

3.  Valve  VI  was  opened  and  a plot  of  supply  flow  vs 
supply  pressure  was  made. 

4.  Step  3 was  repeated  for  ambient  temperatures  of 
353K  and  408K. 
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FIGURE  21 

TEST  SETUP , POWER 
JET  IMPEDANCE 
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2.2.2  Hydraulic  Tests 


2. 2. 2.1  Pressure  Gain  - The  single-stage  and  three-stage  amplifiers 
were  installed  in  separate  test  fixtures  and  connected  as  shown  in 
Figures  10  and  11,  respectively.  The  test  stand  used  was  capable  of 
providing  hydraulic  fluid  at  the  required  pressures  and  temperatures. 
The  following  procedure  was  used  to  obtain  a plot  of  differential 
output  pressures  vs  differential  control  pressures. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  15,900  kilopascals  (2300  psig) . 

3.  R2,  R5,  and  R6  were  adjusted,  as  applicable,  to  the 
pressures  shown  in  Table  III  for  a supply  temperature 
of  289K  and  a power  jet  Reynolds  number  of  85. 

4.  With  R3  and  R4  initially  adjusted  to  zero  gauge  pressure, 
a plot  of  pressure  gain  (APout  vs  ApCOntrol^  was  made  ky 

increasing  the  control  pressure  on  one  side  and  returning 
to  the  initial  value  and  then  repeating  for  the  other 
control  pressure. 

5.  Step  4 was  repeated  with  initial  control  pressure  levels 
of  5 percent  and  10  percent  of  the  supply  pressure. 

6.  Steps  3 through  5 were  repeated  for  supply  temperatures 
of  305K  and  330K. 

7.  Steps  3 through  6 were  repeated  for  NR  = 42.5. 

8.  Steps  3 through  7 were  repeated  with  valves  VI  and  V2  open. 

2. 2. 2. 2 Common  Mode  Rejection  - The  single-stage  and  three-stage 
amplifiers  were  installed  in  separate  test  fixtures  and  connected  as 
shown  in  Figures  15  and  16,  respectively.  The  test  stand  used  was 
capable  of  providing  hydraulic  fluid  at  the  required  pressures  and 
temperatures.  The  following  procedure  was  used  to  record  differen- 
tial output  pressure  vs  control  pressure  level  so  that  the  common 
mode  rejection  ratio  may  be  determined. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  15,900  kilopascals  (2300  psig). 

3.  R2,  R5,  and  R6  were  adjusted,  as  applicable,  to  the 
pressures  shown  in  Table  III  for  a supply  temperature 
of  289K  and  NR  * 85. 
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The  control  pressure  level  was  increased  from  zero 
gauge  pressure  to  10  percent  of  the  supply  pressure 
and  the  differential  output  vs  control  pressure  was 
plotted. 

5.  Steps  3 and  4 were  repeated  for  supply  temperatures  of 
305K  and  330K. 

6.  Steps  3 through  5 were  repeated  for  NR  = 42.5 

2. 2. 2. 3 Input  Impedance,  Centered  Jet  - The  single-stage  amplifier 
was  installed  in  a test  fixture  and  connected  as  shown  in  Figure  22. 
The  test  stand  used  was  capable  of  providing  hydraulic  fluid  at  the 
required  pressures  and  temperatures.  Due  to  flowmeter  limitations 
for  low  flow  rates,  it  was  necessary  to  measure  total  control  flow 
and  to  use  several  stages  in  parallel.  The  following  procedure 
was  used  to  record  control  flow  vs  control  pressure  level  for  con- 
stant power  jet  Reynolds  number. 

1.  Valves  VI  and  V2  were  closed. 

2.  Rl  was  adjusted  to  15,900  kilopascals  (2300  psig) . 

3.  R2  was  adjusted  to  the  pressure  shown  in  Table  II  for  a 

supply  temperature  of  289K  and  NR  = 85. 

4.  Control  pressure  was  varied  from  0 to  20  percent  of 
supply  pressure  and  a plot  of  control  flow  vs  control 
pressure  was  made. 

5.  Steps  3 and  4 were  repeated  for  supply  temperatures 
of  350K  and  330K. 

6.  Steps  3 through  5 were  repeated  for  NR  = 42.5. 

7.  Steps  3 through  6 were  repeated  with  valves  VI  and  V2  open 
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FIGURE  22 
TEST  SETUP , INPUT 

IMPEDANCE,  CENTERED  JET,  HYDRAULIC 
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2. 2. 2. 4 Input  Impedance,  Deflected  Jet  - The  single-stage  amplifier 
was  installed  in  a test  fixture  and  connected  as  shown  in  Figure  18. 

The  test  stand  used  was  capable  of  providing  hydraulic  fluid  at  the 
required  pressures  and  temperatures.  Due  to  the  flowmeter  limitations 
for  low  flow  rates,  it  was  necessary  to  use  several  stages  in  parallel. 
The  following  procedure  was  used  to  record  control  flow  vs  differen- 
tial control  pressure  for  constant  power  jet  Reynolds  numbers. 

1.  Valves  VI  and  V2  were  closed. 

2.  R1  was  adjusted  to  15,900  kilopascals  (2300  psig) . 

3.  R2  and  R4  were  adjusted  to  the  pressures  shown  in  Table  III 
for  a supply  temperature  of  209K  and  NR  = 85.  Restrictors 

R5  and  R6  and  regulator  R3  were  adjusted  until  the  control 
pressure  level  was  5 percent  of  the  supply  pressure.* 

4.  R3  was  adjusted  to  vary  the  differential  control  pressure 
between  0 and  20  percent  of  the  supply  pressure  and  a plot 
of  control  flow  vs  differential  control  pressure  was  made. 

5.  Steps  3 and  4 were  repeated  for  supply  temperatures  of  305K 
and  330K. 

6.  Steps  3 through  5 were  repeated  for  NR  = 42.5. 

7.  The  test  instrumentation  was  reversed  and  steps  1 through 
6 were  repeated  to  obtain  characteristics  for  the  other 
control  port. 

2. 2. 2. 5 Output  Impedance  - The  single-stage  amplifier  was  installed 
in  a test  fixture  and  connected  as  shown  in  Figure  19.  The  test  stand 
used  was  capable  of  providing  hydraulic  fluid  at  the  required  pres- 
sures and  temperatures.  Due  to  the  flowmeter  limitations  for  low 
flow  rates,  it  was  necessary  to  use  several  stages  in  parallel.  The 
following  procedure  was  used  to  record  output  flow  vs  output  pressure 
for  constant  power  jet  Reynolds  numbers. 

1.  R1  was  adjusted  to  15,900  kilopascals  (2300  psig). 

2.  R2  was  adjusted  to  the  pressure  shown  in  Table  III  for 
a supply  temperature  of  28 9K  and  NR  = 85. 

3.  R3  and  R4  were  adjusted  for  zero  control  pressure  level. 

4.  A plot  of  output  flow  versus  output  pressure  was  made 
by  varying  valve  VI  from  full  closed  to  full  open. 

* This  procedure  does  not  allow  constant  control  flow  to  be  maintained 
on  one  control  port. 
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5.  Step  4 was  repeated  for  control  pressure  levels  of 
5 percent  and  10  percent  of  the  supply  pressure. 

6.  Steps  2 through  5 were  repeated  for  supply  temperatures 
of  305K  and  330K. 

7.  Steps  2 through  6 were  repeated  for  NR  = 42.5. 

2. 2. 2. 6 Power  Jet  Impedance  - The  single-stage  amplifier  was 
installed  in  a test  fixture  and  connected  as  shown  in  Figure  21. 

The  test  stand  used  was  capable  of  providing  hydraulic  fluid  at  the 
required  pressures  and  temperatures.  The  following  procedure  was 
used  to  record  supply  flow  versus  supply  pressure. 

1.  R1  was  adjusted  to  15,900  kilopascals  (2300  psig) . 

2.  The  supply  temperature  was  stabilized  at  289K. 

3.  Valve  VI  was  opened  and  a plot  of  supply  flow 
versus  supply  pressure  was  made. 

4.  Step  3 was  repeated  for  supply  temperatures  of 
305K  and  330K. 


SECTION  3 


TEST  RESULTS 


3.1  AIR  TEST  RESULTS 

3.1.1  Pressure  Gain,  = Constant 

tables  VII  and  VIII  summarize  the  test  results  for  pressure  gain 
measurements  on  single-stage  and  three-stage  amplifiers,  respectively. 
Figures  23  through  32,  included  at  the  end  of  this  section,  present 
plots  of  gain  versus  control  pressure  level.  Laboratory  test  data 
for  all  air  tests  are  included  in  Appendix  A. 

3.1.2  Pressure  Gain,  P^.  - Constant 

Tables  IX  and  X summarize  the  test  results  for  pressure  gain 
measurements  on  the  single-stage  and  three-stage  amplifiers,  respec- 
tively. Figures  33  and  34  present  plots  of  gain  versus  temperature 
for  the  single-stage  amplifiers.  Figures  35  through  40  present  plots 
of  gain  versus  control  pressure  level  for  the  three-stage  amplifiers 
tested. 

3.1.3  Pressure  Gain,  Vibration 

Table  XI  summarizes  the  results  of  the  vibration  gain  measure- 
ments. Oscilloscope  observations  during  the  vibration  tests  showed 
no  increase  in  noise  level  throughout  the  frequency  range  of  5 to 
1000  Hz.  The  gain  variation  noted  for  the  Z-axis  test  may  have  been 
attributable  to  the  test  instrumentation.  Regulated  pressures  to 
the  test  amplifier  had  to  be  adjusted  as  the  frequency  was  increased 
in  order  to  maintain  constant  conditions. 

3.1.4  Common  Mode  Rejection 

Common  Mode  Rejection  Ratio  (CMRR)  was  calculated  at  three 
control  pressure  levels  using  the  following  equation: 


3P 


The  term  is  the  pressure  gain  (°°  load)  for  the  test  amplifier  and 

is  given  in  Tables  VII  and  VIII.  The  term  3P  /3P  was  calculated  at 

c o 

control  pressure  levels  of  OP,  0.05  P , and  0.10  P using  the  test 

s s s 

results  given  in  Appendix  1 for  output  pressure  differential  versus 
control  presure  level.  The  values  of  CMRR  calculated  are  summarized 
in  Tables  XII  and  XIII. 
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TABLE  VII 
TEST  RESULTS 

SINGLE-STAGE  AMPLIFIER  GAIN 

WITH  Nd  CONSTANT 
R 


Amplifier  2.3.4.004 

Amplifier  2.3.1.004A 

Temperature 

Temperature 

298K  353k  408K 

2§8K  353K  408K  " 

°»  Load 


P = 
c 

0 P 

s 

15.4 

17.5 

18.1 

8.5 

8.7 

7.3 

» Load 

P = 
c 

0.05  P 

s 

4.3 

4.6 

4.6 

6.1 

6.2 

5.5 

® Load 

P = 
c 

0.1  P 

s 

2.6 

2.7 

2.6 

5.3 

5.8 

5.0 

Amp 

Load 

P = 
c 

0 P 

s 

9.4 

10.4 

10.5 

5.8 

5.9 

5.4 

Amp 

Load 

Pc  " 

0.05  P 

s 

2.4 

2.3 

2.3 

3.7 

4.3 

3.4 

Amp 

Load 

P = 
c 

0.1  P 

s 

1.2 

1.1 

1.1 

1.9 

3.5 

2.6 

nr 

= 42.5 

GAIN 

“ Load 

P = 
c 

0 P 

s 

3.8 

5.5 

5.3 

2.6 

3.3 

3.6 

00  Load 

P = 
c 

0.05  P 

s 

1.7 

2.2 

2.2 

2.2 

2.7 

2.7 

« Load 

P = 
c 

0.1  P 

s 

1.1 

1.5 

1.5 

1.7 

2.3 

2.4 

Amp 

Load 

P = 
c 

0 P 

s 

2.0 

2.9 

3.0 

1.7 

2.2 

2.2 

Amp 

Load 

Pc  = 

0.05  P 

s 

0.9 

1.2 

1.2 

1.3 

1.8 

1.8 

Amp 

Load 

P = 
c 

0.1  P 

s 

0.6 

0.8 

0.8 

1.1 

1.5 

1.5 

I 

I 

I 
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TABLE  VIII 


TEST  RESULTS 

THRKE-STAGE  AMPLIFIER  GAIN 
WITH  N CONSTANT 


As 

sembly  No. 

1 

[ 

Assembly  No. 

2 

• Assembly  No. 

3 

Temperature 

i Temperature  ! 

Temperature  ( 

Hr  - 85 

1 258k 

353K 

IM« 

1 2Mk 

408K  I 

1 

W 1 

® Load 

P = 0 P 

C 8 

503 

538 

605 

519 

588 

607 

403 

420 

445 

■>  Load 

P = 0.05  P 
c s 

296 

313 

285 

312 

317 

257 

364 

381 

391 

« Load 

P * 0.1  P 
c s 

221 

234 

230 

228 

233 

217 

332 

344 

368 

Amp  Load 

P = 0 P 
c s 

152 

159 

181 

22. 

5 21 

21 

111 

101 

100 

Amp  Load 

P = 0.05  P 
c 8 

79 

92 

79 

12 

12.5 

11 

103 

93 

92 

Amp  Load 

pc  = 0.1  ps 

56 

61 

61 

9 

10 

9 

97 

85 

83 

Nr  «=  42.5 

GAIN 

“ Load 

P = 0 P 
c s 

158 

170 

192 

184 

207 

183 

136 

186 

137 

«°  Load 
P - 0.05  P 

C 8 

96 

113 

94 

148 

146 

131 

119 

154 

128 

® Load 

P » 0.1  P 
c s 

74 

77 

81 

101 

100 

91 

105 

136 

116 

Amp  Load 

P = 0 P 
c a 

34 

37 

35 

9 

11.5 

6 

39 

49 

45 

Amp  Load 

P = 0.05  P 
C s 

23 

23 

25 

6 

7 

4.5 

36 

45 

42 

Amp  Load 
P = 0.1  P 

C 8 

14 

16 

20 

4 

5 

3.5 

33 

37 

39 

TABLE  IX 


TEST  RESULTS 

SINGLE-STAGE  AMPLIFIER  GAIN 

WITH  P CONSTANT 
s 


P 

s 

( kPa) 

P 

c 

(kPa) 

Load 

Temperature  I 

298K 

408k 

2.3.1.004A 

7.95 

0.397 

00 

5.8 

5.5 

5.2 

7.95 

0.397 

2.3.1.004A 

4.0 

3.8 

3.6 

1.98 

0.099 

oo 

3.7 

2.9 

1.6 

1.98 

0.099 

2.3.1.004A 

2.5 

1.6 

1.0 

2.3.4.004 

7.95 

0.397 

OO 

3.5 

3.0 

2.9 

7.95 

0.397 

2.3.4.004 

1.8 

1.6 

1.5 

1.98 

0.099 

OO 

1.6 

1.1 

1.98 

0.099 

2.3.4.004 

B 

0.9 

0.6 

TABLE  X 


TEST  RESULTS 

THREE-STAGE  AMPLIFIER  GAIN 

WITH  P CONSTANT 
s 


P . = 0.093  kPa 
si 

P , = 0.34  kPa 
s2 

P , = 2.0  kPa 
s3 

Assembly  No. 

1 

Assembly  No. 

2 

Assembly  No. 

3 

Temperature 

Temperature 

Temperature  [ 

296k 

353i< 

468k 

298k 

353K 

40BK 

353k 

GAIN  1 

« Load 

P = 0 P 
c s 

341 

201 

162 

345 

213 

73 

241 

196 

67 

"»  Load 

P = 0.05  P 
c s 

154 

98 

69 

213 

152 

52 

205 

154 

53 

«>  Load 

P = 0.1  P 
c s 

122 

72 

36 

163 

101 

47 

186 

137 

47 

Amp  Load 

P = 0 P 
c s 

86 

43 

29 

16 

11.4 

2.6 

126 

48 

17 

Amp  Load 

P = 0.05  P 
c s 

42 

22 

15 

9.5 

6.7 

2.0 

98 

43 

15.5 

Amp  Load 

P = 0.1  P 
c s 

35 

17 

9 

6.5 

5.0 

1.8 

87 

37 

13 

P , = 037  kPa 
si 

P . =»  1.35  kPa 
s2 

P , = 7.9  kPa 
s3 

GAIN 

® Load 

P = 0 P 
c s 

690 

558 

483 

438 

515 

518 

502 

418 

374 

*»  Load 

P = 0.05  P 
c s 

326 

308 

267 

304 

336 

290 

448 

374 

345 

® Load 

P = 0.1  P 
c s 

172 

235 

175 

202 

233 

247 

376 

345 

289 

Amp  Load 

P = 0 P 
c s 

146 

165 

128 

18 

22 

19 

104 

105 

113 

Amp  Load 

P = 0.05  P„ 

c s 

75 

96 

79 

13 

12 

12 

83 

93 

110 

Amp  Load 

P - 0.1  P„ 
c s 

61 

61 

51 

9 

9.5 

10 

76 

85 

106 

l 

1 
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VIBRATION  GAIN  TEST  RESULTS 


TABLE  XII 

SUMMARY  OF  COMMON  MODE  REJECTION  RATIO 
SINGLE-STAGE  AMPLIFIER 


Control 

Common  Mode 

nr 

Pressure 

Rejection  Ratio 

Level 

298K 

Ktti mm 

■ MM 

0 P 

s 

68.7 

84.7 

77.3 

85 

0.05  Ps 

49.3 

60.4 

58.2 

2. 3. 1.  00 4 A 

0.10  P 

42.8 

56.5 

52.9 

“ Load 

S 

0 P 

s 

404.6 

307.5 

141.3 

42.5 

0.05  P 

s 

288.8 

207.3 

81.6 

0.10  P 

s 

160.3 

113.8 

65.6 

0 Ps 

78.4 

97.1 

236.5 

85 

0.05  P 

s 

66.6 

47.7 

60.1 

2.3.4.004 

0.10  P 

s 

25.5 

45.9 

34.0 

°°  Load 

0 P 

s 

63.1 

69.0 

72.7 

42.5 

0.05  Ps 

36.0 

37.8 

41.5 

0.10  Pg 

35.0 

43.2 

49.1 

TABLE  XIII 


SUMMARY  OF  COMMON  MODE  REJECTION  RATIO 
THREE-STAGE  AMPLIFIER 


■m 

nr 

Control 

Pressure 

Common  Mode 
Rejection  Ratio 

Level 

298K 

353K 

0 P 

s 

101 

13 

58 

85 

0.05  P 

s 

oo 

OO 

oo 

No.  1 

0.10  P 

s 

oo 

00 

00 

oo  Load 

0 P 

s 

51 

32 

33 

42.5 

0.05  P 

s 

173 

107 

75 

0.10  P 

s 

540 

193 

167 

0 P 

s 

15 

49 

29 

85 

0.05  P 

s 

29 

36 

28 

No.  2 

0.10  P 

s 

45 

38 

36 

oo  Load 

0 Ps 

26 

20 

17 

42.5 

0.05  P 

s 

51 

19 

12 

0.10  P^ 
s 

105 

90 

69 

0 P 

s 

34 

37 

33 

85 

0.05  P 

s 

44 

39 

42 

No.  3 

0.10  P 

s 

59 

64 

65 

““  Load 

0 P 

s 

29 

35 

23 

42.5 

0.05  P 

s 

30 

35 

26 

0.10  P 

s 

32 

40 

30 

62 


Constant 


I 

I 

i 

] 

I 

I 

I 

I 

| 

I 

I 

I 

I 

I 

I. 

! 

1 

i 

I 
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3.1.5  Input  Impedance , Centered  Jet,  NR  = 

Figures  41  through  44  present  plots  of  input  impedance  versus 
temperature.  The  curves  show  input  impedance  for  each  control  port 
and  are  identified  as  "INSTR  #1"  and  "INSTR  #2".  Impedance  was  cal- 
culated from  the  slope  of  the  control  flow  versus  control  pressure 
curve  at  the  point  where  the  control  pressure  level  was  five  percent 
of  the  supply  pressure. 

3.1.6  Input  Impedance,  Centered  Jet,  P = Constant 

Figures  45  through  48  present  plots  of  input  impedance  versus 
temperature.  The  curves  show  input  impedance  for  each  control  port 
and  are  identified  as  "INSTR  #1"  and  "INSTR  #2".  Impedance  was  cal- 
culated from  the  slope  of  the  control  flow  versus  control  pressure 
curve  at  the  point  where  the  control  pressure  was  five  percent  of  the 
supply  pressure. 

3.1.7  Input  Impedance,  Deflected  Jet,  N^  = Constant 

Figures  49  and  50  present  plots  of  input  impedance  versus 
temperature.  The  impedance  was  calculated  from  the  slope  of  the 
control  flow  versus  differential  control  pressure  curve  at  AP^  = 0. 

3.1.8  Input  Impedance , Deflected  Jet,  P_  = Constant 

Figures  51  through  54  present  plots  of  input  impedance  versus 

temperature.  The  impedance  was  calculated  by  measuring  the  slope 

of  the  control  flow  versus  differential  control  pressure  curve  at 

AP  =0. 
c 

3.1.9  Output  Impedance,  N^  = Constant 

Figures  55  and  56  present  plots  of  output  impedance  versus 
temperature.  Note  that  total  output  flow  is  measured  in  the  test 
setup;  however,  the  data  in  Appendix  1 has  been  corrected  to  indicate 
single  leg  output  flow.  Output  impedance  was  calculated  from  the 
slope  of  the  output  flow  versus  output  pressure  curve  at  the  operating 
point  shown  on  the  data  in  Appendix  1. 

3.1.10  Output  Impedance,  Pp  = Constant 

Figures  57  and  58  present  plots  of  output  impedance  versus 
temperature.  Note  that  in  the  test  setup,  total  output  flow  is 
measured;  however,  for  calculating  impedance,  one-half  the  flow  is 
used.  Output  impedance  was  calculated  from  the  slope  of  the  output 
flow  versus  output  pressure  curve  at  the  operating  point  shown  in  the 
data  in  Appendix  1. 
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3.1.11  Power  Jet  Impedance 


Figures  59  and  60  present  plots  of  power  jet  impedance  versus 
temperature.  Impedance  was  calculated  from  the  slope  of  the  power 
jet  flow  versus  pressure  curve  at  the  operating  point  shown  on  the 
data  in  Appendix  A. 


mn 


3.2  HYDRAULIC  TEST  RESULTS 


3.2.1  Pressure  Gain,  Np  = Constant 

Tables  XIV  and  XV  summarize  the  test  results  for  pressure  gain 
measurements  on  single-stage  and  three-stage  amplifiers,  respectively. 

Test  data  for  all  hydraulic  tests  are  included  in  Appendix  B.  Plots 
of  gain  versus  control  pressure  level  are  presented  in  Figures  61 
through  64  for  the  single-stage  amplifiers  and  in  Figures  65  through 
70  for  the  three-stage  amplifiers. 

3.2.2  Common  Mode  Rejection  Ratio 

Common  Mode  Rejection  Ratio  (CMRR)  was  calculated  at  three 
control  pressure  levels  using  the  following  equation: 

3Pc 

CMRR  = Gp  8P2 

^ o 

The  term  Gp  is  the  pressure  gain  (®  load)  for  the  test  amplifier  and 

is  given  in  Tables  XIV  and  XV.  The  term  3Pc/aPQ  was  calculated  at 

control  pressure  levels  of  OP,  0.05  P , and  0.10  P using  the  test 

s s s 

results  contained  in  Appendix  A for  output  pressure  differential 
versus  control  pressure  level.  The  values  of  CMRR  calculated  are 
summarized  in  Tables  XVI  and  XVII. 

3.2.3  Input  Impedance,  Centered  Jet 

Figures  71  through  82  present  the  results  of  control  flow  versus 
control  pressure  measurements  for  single-stage  amplifiers  (two  lami- 
nations) . These  curves  were  generated  from  the  test  data  included 
in  Appendix  A by  applying  the  flowmeter  calibration  curve  of  Figure  7. 

Figures  83  and  84  present  plots  of  input  impedance  versus  temperature. 

The  impedance  was  calculated  from  the  slope  of  the  control  flow  versus 
control  pressure  curve  at  a control  pressure  of  five  percent  of  the 
supply  pressure. 

3.2.4  Input  Impedance,  Deflected  Jet 

Figures  85  through  108  present  the  results  of  control  flow 
versus  differential  control  pressure  measurements  for  single-stage 
amplifiers  (two  laminations) . These  curves  were  generated  from  the 
test  data  included  in  Appendix  1 by  applying  the  flowmeter  calibra- 
tion curve  of  Figure  7.  Figures  109  and  110  present  plots  of  input 
impedance  versus  temperature.  The  impedance  was  calculated  from  the 
slope  of  the  control  flow  versus  differential  control  pressure  curves 

in  the  vicinity  of  4P  a 0. 

•*  c 

v’. 
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TABLE  XIV 


TEST  RESULTS 

SINGLE-STAGE  AMPLIFIER  GAIN 


Nr  - 85 


Amplifier 

2.3.4.004 

Amplifier 
2.3.1. 00 4A 

Temperature 
289K  565K  ~ TTCk 

Temperature 

~T8*>k TTW — 

" Load 
P = 0 P 

C 3 

•>  Load 
P = 0.05 

p 

C 

s 

>»  Load 
P = 0.10 

p 

c 

s 

Amp  Load 
P = 0 P 

c s 

Amp  Load 
P =0.05 

p„ 

c 

s 

Amp  Load 
P = 0.10 

p 

c 

s 

12.4 

10.9 

12.6 

8.4 

7.3 

8.6 

6.6 

5.9 

7.0 

6.8 

7.3 

6.3 

4.9 

4.3 

4.8 

3.5 

3.1 

3.2 

Nr-  42.5 


«°  Load 

P -OP 
c s 


» Load 
P = 0.05  P_ 


» Load 

P - 0.10  P 
c s 


9.1  8.2  5.6  6.8  6.0 

6.0  6.0  4.2  6.2  6.0 

.9  3.9  3.8  5.9  6.0  4.2 

4.6  3.8  3.8  4.2  3.8  3.1 

3.5  3.0  2.7  3.8  3.5  3.1 

2.5  2.0  1.9  3.3  3.2  3.1 
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TABLE  XV 
TEST  RESULTS 

THREL-STAGE  AMPLIFIER  GAIN 


Assembly  No 


Assembly  No.  2 


Assembly  No 


T 

" i§§K 

emperatui 

365k 

:e 

5 3' 6 k" 

269K 

Temperatuz 

305K 

"e 

3'36k 

T 

' 363k 

emperatu 
” 365k" 

re 

5T5k 

Nr=  85 

GAIN 

• Load 

P = 0 P 
c s 

578 

505 

336 

656 

580 

724 

547 

480 

343 

“>  Load 

P = 0.05  P 
c s 

341 

281 

205 

315 

286 

268 

436 

371 

327 

<»  Load 

P = 0.1  P 
c s 

236 

208 

162 

260 

248 

203 

409 

325 

271 

Amp  Load 

P = 0 P 
c s 

262 

212 

180 

34 

26 

18.5 

337 

285 

250 

Amp  Load 

P = 0.05  P 
c s 

146 

139 

127 

15 

12 

12.5 

306 

300 

200 

Amp  Load 

P = 0.1  P 
c 8 

108 

102 

95 

11 

8.5 

9 

270 

215 

163 

Nr  = 42.5 

GAIN 

« Load 

P = 0 P 
c s 

236 

240 

226 

385 

300 

155 

221 

213 

187 

°°  Load 

P = 0.05  P 
c s 

135 

152 

104 

173 

181 

109 

188 

173 

150 

» Load 

P = 0.1  P 
c s 

102 

114 

82 

99 

134 

96 

169 

160 

119 

Amp  Load 

P “OP 
c s 

86 

74 

65 

24 

15 

9 

110 

116 

75 

Amp  Load 
Pc  “ 0.05  Ps 

53 

55 

27 

12 

10 

5.5 

91 

107 

69 

Amp  Load 

P “ 0.1  P 
c s 

38 

41 

19 

9 9 4 

79 

8S 

58 

I 
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TABLE  XVII 

SUMMARY  OF  COMMON  MODE  REJECTION  RATIO 
THREE-STAGE  AMPLIFIER 


Common  Mode 

Three-Stage 

Control 

Rejection  Ratio 

Amplifier 

nr 

Pressure 

Temperature 

Level 

mnmm 

WZk 

i 330K  I 

0 P 

s 

122 

463 

7 

85 

0.05  P 

s 

27 

119 

101 

No.  1 

0.10  P 

s 

412 

129 

33 

® Load 

0 P 

s 

70 

14 

6.3 

42.5 

0.05  P 

s 

44 

66 

4.5 

0.10  P 

s 

40 

64 

43 

0 P 

s 

. 47 

15 

12 

85 

0.05  P 

s 

42 

23 

28 

No.  2 

0.10  Po 
s 

149 

30 

34 

“ Load 

0 P 

s 

229 

116 

6 

B 

0.05  P 

s 

49 

31 

10 

0.10  P 

s 

59 

46 

13 

0 P 

s 

7 

64.3 

11.3 

85 

0.05  P 

s 

22 

928 

49.1 

No.  3 

0.10  P 

s 

28 

86.5 

32.5 

00  Load 

0 P 

s 

25 

17.7 

14 

42.5 

0.05  P 

s 

5 

60.6 

14 

0.10  P 

s 

10.5 

56 

33.3 
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3.2.5  Output  Impedance 


Figures  111  through  122  present  the  results  of  output  flow  versus 
output  pressure  measurements  for  single-stage  amplifiers  (two  lamina- 
tions) . The  curves  were  generated  from  the  test  data  included  in 
Appendix  A by  applying  the  flowmeter  calibration  curve  of  Figure  7. 
Figures  123  and  124  present  plots  of  output  impedance  versus  tempera- 
ture. The  impedance  was  calculated  from  the  slope  of  the  output  flow 
versus  pressure  curve  at  the  point  indicated  on  the  curves.  Due  to 
the  non-linearity  of  the  curves  and  scatter  in  the  flow  data,  it  is 
recommended  that  the  reader  refer  to  Figures  111  through  122  for 
additional  information  on  output  impedance. 


3.2.6  Power  Jet  Impedance 


Figures  125  and  126  present  the  results  of  supply  flow  versus 
supply  pressure  measurements.  The  curves  were  generated  from  test 
data  included  in  Appendix  A by  applying  the  flowmeter  calibration 
curve  of  Figure  7.  Figure  127  presents  a plot  of  power  jet  impedance 
versus  temperature.  The  impedance  was  calculated  from  the  slope  of 
the  supply  pressure  versus  supply  flow  curves  at  the  point  where  the 
supply  pressure  corresponds  to  a power  jet  Reynolds  number  of  85. 
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